ABSTRACT: In-vivo dynamic visualization and accurate quantification of vascular networks is a prerequisite of crucial importance in both therapeutic angiogenesis and tumor anti-angiogenesis studies. A user independent computerized tool was developed, for the automated segmentation and quantitative assessment of in-vivo acquired DSA images. Automatic vessel assessment was performed employing the concept of image structural tensor. Initially, vasculature was estimated according to the largest eigenvalue of the structural tensor. The resulted eigenvalue matrix was treated as gray-matrix from which the vessels were gradually segmented and then categorized in three main sub-groups; large, medium and small-size vessels. The histogram percentiles, corresponding to 85%, 65% and 47% of prime eigenvalue gray-matrix were optimally found to give the thresholds T1, T2 and T3 respectively, for extracting vessels of different size. The proposed methodology was tested on a series of DSA images in both normal rabbits (group A) and in rabbits
Introduction
The essential role of angiogenesis and vasculogenesis in the establishment and maintenance of a sufficient vascular supply for both physiological and neoplastic tissue growth was initially proposed by Folkman [1] . Dynamic visualization and accurate quantification of microvascularity is of crucial importance in both therapeutic angiogenesis and tumor antiangiogenesis studies. The angiogenesis course can be studied by using a variety of either in-vitro or in-vivo techniques. Among others, these include microvascular density count, magnetic resonance imaging (MRI), color Doppler ultrasound (US), and intra-venous contrast medium enhanced computed tomography (CT) [2] . The gold standard method for assessment of the angiogenesis phenomenon is quantification of the microvascular density of a biopsy specimen using optical microscopy [3] . However, this method has the disadvantage of being invasive by nature and thus it is not easily applied in living subjects. Currently available radiological methods, such as CT and MRI, can be used to localize and also obtain fuctional hemodynamic data from angiogenically active tissue areas [4] . Unfortunately, these methods lack in spatial resolution compared to in-vitro techniques. Digital Subtraction Angiography (DSA) is considered as the method of choice for the dynamic in-vivo visualization of the microvascular networks in angiogenesis experimental models [4, 5] . Its main advantage is the ability to depict the progress (increase or decrease) of angiogenesis and thus evaluate the result of treatment [5, 6] .
The ability of the observer to quantitatively monitor the evolution of the process with the less possible intervention to the subject is essential for the evaluation of the angiogenic progress. Moreover, it would be desirable to classify the whole arterial tree into sub-categories in order to estimate the potential impact of each group of arteries on to the hemodynamic result of tissue perfusion or even relate their growth or inhibition to the respective angiogenic or anti-angiogenic treatment.
Till now, completely automated procedures of vessel recognition and quantitative analysis have been developed for both in-vitro and in-vivo (i.e. DSA) applications [5, 7] . To our knowledge segmentation of vessels and classification according to size has not been applied in in-vivo applications.
The purpose of the present investigation was to introduce a user-independent computerized tool, in Matlab environment, for the automated recognition, segmentation and quantitative assessment of in-vivo acquired DSA images of macro-and micro-vasculature for either experimental or clinical use. The proposed methodology incorporates the well-known concept of image structural tensor in order to accomplish vessel enhancement and consequently accurate vasculature segmentation into more than one categories. Extracted vasculature was comparatively evaluated against the manual vasculature segmentation of an interventional radiologist whose performance was considered as the 'gold standard'. DSA images used for the software's evaluation were collected from a mammalian experimental angiogenesis model from both normal and ischemic subjects. Bilateral hindlimb ischemia was induced using standard intra-arterial embolization techniques.
Material and methods

Image processing
Vessel segmentation was accomplished using a method based on the concept of image structural tensor (Hessian matrix). The Hessian matrix, also called structural matrix, is produced by the second order Gaussian derivatives of the corresponding input image, and is defined as:
where subscripts indicate image gradients and I xy represents the convolution of the input image with the scaled second order Gaussian derivative, where:
is the scaled Gaussian function that is expressed as:
Sigma (σ ) is a free parameter, which controls the scale of the extracted vessels. In this application, sigma was experimentally determined and fixed at σ =1. An eigen analysis of the Hessian matrix 2.1 results in two eigenvectors and their corresponding eigenvalues. The idea behind eigenvalue analysis of the Hessian matrix is to extract the principal directions from which the local second order structure of the image can be decomposed. In presence of tubular-like patterns in the image, λ 1 has a small value, while λ 2 a high one.
Accordingly, since our main concern was vessel extraction, we have analyzed the largest eigenvalue of the Hessian matrix which corresponds to the existence of valleys (dark structures) in DSA images. In fact the characteristic equation of H is given as follows:
Consequently, the highest eigenvalue of H is estimated analytically as follows:
The resulted eigenvalue matrix was treated as gray-matrix (figure 1) from which the vessels were gradually segmented and then categorized in three main sub-groups: Big, medium and small size vessels (figure 2). Segmentation was performed employing a simple and robust method based on the histogram percentiles technique. More specifically, the percentiles, corresponding to 85%, 65% and 47% of prime eigenvalue gray-matrix were found to give the thresholds T1, T2 and T3 respectively, for extracting vessels of different size. Pixel values greater than T1, were binned as big vessels, pixel values between T1 and T2 were binned as medium size vessels and finally, values between T2 and T3 were binned as small size vessels.
Clinical material
All experimental protocols were performed after institutional scientific, ethical and animal care committees' approval. A total of 24 DSA images from 12 New Zealand White Rabbits (8 months old, weight 3.0-4.0 kgs) were used. DSA was both performed in normal rabbit hindlimbs and in hindlimbs after experimentally induced occlusion of the femoral arteries (mammalian experimental hindlimb ischemia model). DSA was first performed on six healthy rabbits in order to depict the normal peripheral arterial network (group A). In the remaining, endovascular occlusion of both femoral arteries from their origin to their distal bifurcation was performed using embolization as described elsewhere [8] (group B). DSA was performed 40 days later in order to portray the physiological development of collateral vascular networks.
Image acquisition
All images used for the purposes of this paper were acquired from a DSA unit (DVI-S Philips) using a previously described acquisition protocol [5, 6] . In brief, after trans-auricular endovascular access a 4-Fr catheter was advanced to the subject's abdominal aorta [8] . Non-ionic iso-osmolar iodinated contrast medium (Visipaque 320 mgI/ml, AmershamHealth) was infused at a rate of 1 ml per second (5 ml in total), and image acquisition was made with a rate of one image per second at 40 to 90 KV. In order to improve homogenization and quality of the acquired images a 15 cm water filter was placed between the subject's limb and the intensifier. Acquired images were firstly stored in the radiology department database and next transferred, through a high performance LAN (Ethernet, Gigabit), to the Department of Medical Physics for image processing by the proposed automated computerized methodology.
Proposed methodology evaluation
Segmented images were skeletonized with the application of a parallel two sub-iteration thinning algorithm as described in the literature [9] . The skeletonization step was performed in order to evaluate the proposed methodology's performance against the performance of a vascular interventional -3 - radiologist, who was a priori considered as the 'gold standard'. Arteries appearing in both manual segmentations formed the final 'gold standard' of the vasculature against which our methodology was compared. The evaluation criterion was expressed as
where, A represents the vessels pixel area found using our image processing and analysis technique and B the area prescribed by the interventional radiologist. Hence, a value of 1 indicates exact agreement between the radiologist and the proposed methodology, while a value of less than 0.5 indicates poor segmentation and recognition of the vessels. The radiologist's intra-observer reliability, in manually delineating the same vasculature within a ten days interval, was examined revealing no significant difference between assessments (p>0.05).
Results
The result of our study was an automated computerized tool developed in Matlab environment that can be used to process images in a batch process without any user intervention. The proposed methodology may provide a general framework for fast and accurate vessel enhancement and segmentation, as well as clustering and quantification according to arterial size. The accuracy of our methodology was evaluated in terms of the parameter Seg, given in equation 2.7. Segmentation scores varied between 77.24% and 82.12% (mean 79.25%, S.D. 2.09%) for the series of the tested images. The proposed software proved reliable and robust in segmenting and quantifying both normal vessels (group A) and the developed collateral networks in the setting of chronic hindlimb ischemia (group B). Significantly higher total vascular area and length were recorded in group B compared to group A (p=0.0322 and p=0.0242 respectively). This is in accordance to the fact that significantly more by-pass arterial conduits are developed during the physiological response to the stimuli of ischemia after removal of the healthy feeding artery. Results per artery category as these were set by the three different threshold levels (85%, 65% and 47% of prime eigenvalue gray-matrix) are depicted in table 1. 
Discussion
Induction of therapeutic angiogenesis and inhibition of tumoral neovascularization represent the frontiers of modern research in the reversal of ischemic myocardial and limb disease and in the battle against cancer, respectively. DSA represents the modality of choice regarding vascular imaging in a clinical setting. Its major advantage is the ability to be applied in living subjects and dynamically monitor and illustrate evolution of both angiogenesis and neo-angiogenesis processes. Therefore, it allows longitudinal observation of the neo-vascularization process. Unfortunately, it suffers from relatively low resolution compared to in-vitro modalities and fails to depict vessels of the microcirculation [10] . However, application of sophisticated image post-processing techniques may help to overcome such inherent limitations of radiological imaging studies [4] . In the present work an alternative approach in the field of image segmentation is presented. The proposed methodology is applied in DSA images acquired for either clinical or experimental purposes. We have previously developed an automated tool for the analysis of macro-and micro-vascular networks in DSA images which can be easily used in either experimental or clinical studies [5] . Its main disadvantage was the inability to differentiate between big arterial branches and smaller vessel categories. Thus, it was not easy to demonstrate the real therapy effect as it is known that both angiogenesis and neo-angiogenesis are phenomena evolving mostly in small scale vasculature. Yet, classification of vessels in different categories is of crucial importance in order to identify the hemodynamic impact of different vessel categories to the tissue perfusion. Herein, we present an improvement of this previous work. The software is now capable to recognize, by the application of three threshold levels, different fixed vessel sizes that can be used in order to better analyze and relate their growth or inhibition to the respective pro-angiogenic or anti-angiogenic treatment. Moreover, its robustness and user friendly environment makes it adaptable for both basic research scientists and clinicians.
